
Opposing actions of neuronal nitric oxide synthase isoforms in
formalin-induced pain in mice

Yuri A. Kolesnikov, Igor Chereshnev, Marcela Criesta, Ying-Xian Pan, and Gavril W.
Pasternak
Laboratory of Molecular Neuropharmacology (IG,MC,YXP, GWP) and Department of
Anesthesiology (YK), Memorial Sloan-Kettering Cancer Center New York, NY 10021 USA

Abstract
The role of central and peripheral neuronal nitric oxide synthase (nNOS) splice variants in the
development of inflammatory hyperalgesia was investigated using the formalin test. Supraspinal
administration of the NOS inhibitor NOArg lowered both the first and second phase of the formalin
response. An oligodeoxynucleotide targeting four nNOS isoforms given supraspinally also reduced
the formalin response of both phases. Supraspinal antisense mapping suggested that this effect results
from the nNOS-1 splice variant, implying that nNOS-1 is important in mediating formalin pain. At
the spinal level, antisense mapping suggested a role of both the nNOS-1 and the nNOS-β variants in
producing formalin pain. Conversely, an antisense selective against nNOS-2 had an opposing effect
against the first phase, increasing its intensity. This result, which was similar to prior studies
examining opioid actions, implies that endogenous nNOS-2 activity acted to minimize pain
perception. Locally in the foot, arginine, the precursor for NO, increased the phase II response at low
doses while higher doses reduced the response. This complex biphasic response suggested opposing
NOS actions. Local antisense mapping again showed that nNOS-1 is involved in producing phase II
of the formalin response while nNOS-2 had an opposite effect similar to that seen spinally. Finally,
downregulation of nNOS-1 by antisense prevented tolerance to morphine in both the tailflick and
the formalin test. Together, these observations illustrate the complexity of nNOS in pain perception
and the existence of opposing nNOS systems likely due to splice variants of nNOS.
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Introduction
Neuronal nitric oxide sythase has been widely implicated in thermal and mechanical
hyperalgesia, neuropathic and inflammatory pain (Dolan, S. et al. 2003; Inoue, T. et al. 1998;
Kolesnikov, Y. A. et al. 1993; Kolesnikov, Y. A. et al. 1997; Malmberg, A. B. & Yaksh, T. L.
1993; Meller, S. T. et al. 1992; Meller, S. T. & Gebhart, G. F. 1993; Roche, A. K. et al.
1996). Inhibition of NO production prevents NMDA receptor-induced hyperalgesia and the
formalin-induced excitation of dorsal horn neurons (Reeve, A. J. et al. 1998). Injection of
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formalin into the hind paw increases the number of dorsal horn neuronal NOS containing
neurons at the L4-L5 dorsal horn area (Lam, H. H. et al. 1996). Peripheral nerve injury may
result in an increased excitability of spinal cord neurons (central sensitization) through
activation of nociceptive afferents, leading to activation of N-methyl-D-aspartate receptors and
subsequent spinal production of NO. Immunocytochemical staining reveals a significant
increase (6 to 7-fold) of nNOS-immunoreactive neurons and fibers in the dorsal root ganglia
of L4–L6 after chronic constriction injury in rats (Cizkova, D. et al. 2002).

The gene encoding nNOS has been cloned (Bredt, D. S. et al. 1991). The mouse nNOS gene
has two closely linked promoters and generates more than 10 differentially spliced nNOS
transcripts (Brenman, J. E. et al. 1996; Fujisawa, H. et al. 1994; Hall, A. V. et al. 1994; Ogilvie,
P. et al. 1995; Silvagno, F. et al. 1996; Xie, J. et al. 1995), including two lacking exon 2 (nNOS-
β and nNOS-γ), which contains the PDZ domain, and another lacking exons 9 and 10 (nNOS-2)
(Brenman, J. E. et al. 1997; Iwasaki, T. et al. 1999; Ogura, T. et al. 1993) (Fig. 1). In nNOS-2,
the deletion of exon 9 and 10 causes an inframe 315-bp deletion, leading to the elimination of
105 amino acids from a highly conserved internal region, but it does not affect an essential co-
factor binding region and is presumed to encode a functional enzyme. Homologous splice
variants have been observed in human, mouse and rat. Other nNOS proteins with NH2-terminal
truncations include the mouse nNOSβ and nNOSγ. The absence of exon 2 in both these mouse
nNOS variants lead to a lack of the PDZ domain, implying a cytosolic localization. nNOSβ
has an extended sequence in exon 1a that is not contained within the other variants and in vitro
catalytic activity similar to the full-length nNOS. nNOSβ is still expressed in an exon 2 nNOS
knockout mouse (Eliasson, M. J. L. et al. 1997). Thus, distinct molecular splice variants of
nNOS are expressed in neuronal tissue, raising the possibility that these alternatively spliced
isoforms may mediate pharmacologically and physiologically distinct actions.

Morphine-tolerance involves the NMDA/NO/PKC cascade at many levels of nociceptive
neuronal pathways (Babey, A. M. et al. 1994; Mao, J. et al. 1995) and the non-selective NOS
inhibitor N-nitro-L-arginine (NOArg) given systemically prevents and reverses morphine
tolerance (Kolesnikov, Y. A. et al. 1993). However, a different picture emerged when NOArg
was given centrally. Supraspinal NOArg significantly enhanced morphine analgesia and
prevented opioid tolerance while spinal NOArg markedly reduced systemic morphine
analgesia in a dose-dependent manner (Kolesnikov, Y. A. et al. 1997). Using an antisense
mapping approach, we demonstrated opposing actions for nNOS-1 and nNOS-2 in morphine
analgesia and tolerance (Kolesnikov, Y. A. et al. 1997). Whereas nNOS-1 was important in
the production of tolerance that decreases morphine’s analgesic sensitivity, nNOS-2 activity
has an opposite action, facilitating morphine analgesia. In the current study, we have examined
the role of several nNOS splice variants in formalin-induced hyperalgesia, a mixed
inflammatory-neuropathic model of pain.

Results
NOS inhibitors and L-Arginine

Formalin elicits two phases of nociceptive behavior (Fig. 2a). NOArg, a potent inhibitor of
NOS, did not significantly affect formalin-induced pain behavior in the mouse when given
systemically (Fig 2b). Similarly, local administration of NOArg did not significantly influence
the formalin actions. Central administration showed quite different effects. Given
supraspinally, NOArg (6 μg, i.c.v.) significantly lowered both phases of the formalin response.
Spinal NOArg (6 μg, i.t.), on the other hand, significantly inhibited only phase 2, lowering it
by 38% (Fig 2b, Table 1).

Arginine is the substrate for nNOS, and its administration increases NO formation (Babey, A.
M. et al. 1994). Although local administration of NOArg was without effect, L-arginine
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administered to achieve local delivery was active in phase II of the formalin response, yielding
a biphasic response. Low doses of L-arginine (0.1 and 1.0 μg) given into the paws were pro-
nociceptive, increasing phase II of the formalin response by 47% and 58%, respectively (Fig
2c). Higher doses (3–10 μg) saw a loss of this increased nociceptive effect and appeared to
have a modest antinociceptive action. Although this did not achieve statistical significance
compared to the control group that did not receive any argenine (Fig 2c), it was clearly different
from the phase II response seen at the lower argenine doses. This biphasic response suggests
opposing pro-nociceptive and anti-nociceptive roles for NOS locally and raises the possibility
that the inactivity of the NOS antagonist reflected blockade of the two opposing systems.

Antisense Studies
The L-arginine study suggested opposing NO systems in the periphery, consistent with earlier
antisense mapping work from our laboratory on opioid analgesia showing a pro-nociceptive
role for the nNOS-1 isoform and an opposite pain decreasing role for the nNOS-2 splice variant.
We therefore used a similar antisense mapping approach to assess the role of NO in the formalin
assay. We designed several antisense oligdeoxynucleotides targeting four nNOS isoforms:
nNOS-1, nNOS-2, nNOSβ and nNOSγ (Fig. 1; Table 1). Most of the targeted exons are
contained within more than one variant. However, two probes, D and F, downregulate only
one mRNA species, as previously shown (Kolesnikov, Y. A. et al. 1997). Probe D is selective
for nNOS-2 by bridging the splice site between exons 8 and 11. Although the
oligodeoxynucleotide can potentially bind separately to the exons 8 and 11 sequences in the
other variants, the matching sequences of each exon alone are too short for activity. Probe F
is selective for nNOS-β, targeting a extended sequence from exon 1a which is not present in
any of the other variants.

Supraspinal antisense—Mice were treated with the indicated antisense for 5 days and
tested in the formalin test on the 6th day. Antisense C, which targets exon 18 in all the variants,
was similar in its actions to NOArg, which antagonizes all nNOS activity. It significantly
lowered phase I and phase II of the formalin response by 51% (p < 0.001) and 45% (p < 0.001)
respectively (Fig 3). Targeting exon 9 with probe B lowered the second phase in the formalin
response, as did the antisense to exon 2 (probe A; <0.03). A mismatch probe based upon the
exon 18 was inactive, confirming the selectivity of these responses. The antisense probes
selective for only nNOS-2 (probe D) and nNOS-β (probe F) were without effect in all the
assays.

Spinal antisense—Next, we examined antisense mapping at the spinal level. Intrathecal
administration of antisense targeting exons 2 (probe A) or 9 (probe B) of nNOS significantly
inhibited the second phase of the formalin-induced inflammatory pain (Fig 4). As before, the
mismatch probe based upon the exon 18 probe C was inactive. Phase I was not significantly
decreased by any of the probes. However, the nNOS-2-selective probe D increased the
response, suggesting that this isoform may oppose some of the other isoforms and normally
act to suppress pain. A slight increase also was seen in the supraspinal study, but it did not
achieve statistical significance. This is consistent with our prior work looking at the isoforms
(Kolesnikov, Y. A. et al. 1997).

The pattern of inhibition of the formalin response on the second phase differed from the
supraspinal study. The exon 18 probe (C) was ineffective, but the exon 2 probe (A) lowered
the response significantly. Interestingly, the nNOS-β-selective probe (F) also lowered the
response, differing from the supraspinal study. Antisense, which selectively targets nNOS-2
(D) significantly increased Phase I. Although there was also an increase in Phase II, it did not
achieve significance. Thus, nNOS-2 may be an important component of an endogenous
antinociceptive system.
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Local antisense—Finally, we examined the role of peripheral nNOS isoforms in formalin
induced inflammatory pain by administering the antisense subcutaneously into the hind paw
of the mouse for two days and testing the animals on the third day (Fig. 5). The antisense probes
selectively targeting exons 2 (A) and exon 9 (B) significantly lowered by the 30% and 20%
the second phase of formalin response without affecting the first phase. None of the other
antisense oligodeoxynucleotides showed any activity, with the exception of the nNOS-2
antisense (D), which again revealed a small, but significant increase in Phase I. A mismatch
antisense nNOS-1 probe was inactive in this model, ensuring the specificity of the study.

Morphine tolerance and formalin-induced hyperalgesia—Morphine is analgesic in
both the tailflick and the formalin test. Earlier studies revealed that nNOS inhibitors and
antisense probes targeting nNOS-1 blocked the development of analgesic tolerance in the
tailflick assay (Kolesnikov, Y. A. et al. 1993; Kolesnikov, Y. A. et al. 1997). We next examined
the effects of the exon 9 antisense (B) in morphine tolerant mice in the both in the tailflick and
formalin test. Morphine (5 mg/kg, s.c.) produced analgesia in 60% of naïve mice in the tailflick
assay (Fig 6A) and significantly lowered by 43% (p < 0.01) the first phase of formalin response
and virtually eliminated the second phase (Fig 6B). Chronic morphine given daily followed by
testing on the 6th day showed a complete loss of analgesia in the tailflick assay. In the formalin
test, morphine appeared to show an increased response in Phase II in the saline and mismatch
groups compared to the naïve control group, but it was not significant. Antisense treatment
restored the analgesic activity of morphine in the second phase of the formalin assay,
eliminating the tolerance.

Discussion
Neuronal nitric oxide plays an important role in nociception and opioid action in the central
and peripheral nervous systems and the importance of the NMDA/nitric oxide cascade in opioid
tolerance has been extensively studied. Early studies quickly established the ability of NOS
inhibitors to block morphine tolerance (Kolesnikov, Y. A. et al. 1992; Kolesnikov, Y. A. et al.
1993). They also influence morphine analgesia directly. However, these actions are complex.
Supraspinal NOArg enhances morphine analgesia whereas spinal NOArg decreases it
(Kolesnikov, Y. A. et al. 1997). Although useful, enzymatic inhibitors have limitations,
particularly when examining isoforms of a protein. Antisense mapping provides a valuable
approach that can downregulate individual isoforms by targeting specific exons (Standifer, K.
M. et al. 1994). Splice variants containing the targeted exon may be downregulated while those
without the exon are unaffected. However, the approach does have some limitations, including
limited downregulation of the mRNA being targeted. While activity of an antisense can be
helpful, the absence of an effect might reflect the lack of involvement of the isoforms containing
the targeted exon or it may simply be due to inactivity of the probe in the assay. Thus, these
studies must be interpreted cautiously. In our earlier study, we observed opposing activities of
nNOS-1 and nNOS-2 in morphine actions. Downregulation of nNOS-1 prevented the
appearance of morphine tolerance. In contrast, selectively downregulating nNOS-2 with an
antisense probe to a unique splice junction impaired morphine’s analgesic activity. Our current
studies have extended this approach to the formalin test.

The current studies illustrate the complexity of the role of NO in the mediation of formalin–
induced pain. Local application of NOArg did not affect either phase of the formalin assay.
Yet, increasing NO production with the administration of the precursor L-arginine yielded a
biphasic response, with low doses pro-nociceptive and higher doses anti-nociceptive. Thus,
the lack of an effect with the inhibitor NOArg might reflect the simultaneous blockade of the
opposing systems. Antisense studies illustrated the ability of antisense probes targeting exons
2 and 9 applied locally to lower the second phase of the response. There was a slight elevation
in the phase I response that was significant with an antisense selective for nNOS-2, but this
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effect was modest. Together, these antisense results lend support to the possibility of opposing
NOS systems in the periphery.

Supraspinal blockade of nNOS with NOArg lowered both phases in the formalin assay,
implying a causal role for supraspinal NO in the production of the formalin response.
Supraspinal antisense treatment also revealed a reduction in the pain response. The exon 18
antisense probe lowered both phases while the exon 2 and 9 antisense probes lowered only the
second phase. The pro-nociceptive role of supraspinal NO is similar to the ability of supraspinal
NOArg to enhance morphine analgesia (Kolesnikov, Y. A. et al. 1997).

A number of spinal antisense oligodeoxynucleotide probes significantly lowered the second
phase of the formalin response without affecting the first phase, including the antisense unique
to nNOS-β. Thus, nNOS at the spinal level has a pro-nociceptive activity. However, the
antisense probe targeting the exon 8–11 splice site that is unique to nNOS-2 showed a different
response. This antisense probe increased both the first and second phase of the formalin
response, implying that the endogenous activity of this isoform diminishes the intensity of
formalin nociception, an anti-nociceptive action, and provides further evidence for opposing
nNOS systems in pain modulation. Thus, at the spinal level, nNOS-2 and nNOS-β have
opposing actions. The role of nNOS-1 in these actions remains a bit unclear since the other
antisense probes are not selective for a single isoform.

These observations emphasize the importance of peripheral, spinal and supraspinal nNOS in
mediating formalin-induced hyperalgesia. However, these enzymes also are involved with
morphine tolerance. Earlier studies had implicated nNOS-1 in morphine tolerance with the
tailflick assay, a thermal measure of nociception (Babey, A. M. et al. 1994; Kolesnikov, Y. A.
et al. 1992; Kolesnikov, Y. A. et al. 1993; Kolesnikov, Y. A. et al. 1997). The current studies
reveal similar effects on tolerance with the formalin assay. Chronic morphine dosing produced
tolerance in both the thermal and formalin assays. Spinal antisense treatment blocked the
development of tolerance in both tests. Thus, the NMDA/nitric oxide cascade is important in
the development of tolerance in both pain models.

The current study separates the functional roles of alternatively spliced isoforms of nNOS in
formalin–induced hyperalgesia. nNOS-1 appears to play a major role in the second phase of
formalin pain supraspinally, spinally and peripherally while nNOS-β does the same spinally.
In contrast, the nNOS-2 isoform has an opposite effect, as shown by the enhanced formalin
response with the isoform was downregulated. These results correlate with the morphine study,
in which we have shown that nNOS-1 diminishes the analgesic actions of morphine, while
nNOS-2 enhances them (Kolesnikov 1997). These studies demonstrate complex effects of NO
in pain modulation and the utility of antisense mapping in exploring functional roles of NOS
isoforms in the central nervous system.

Experimental Procedure
All studies were approved by the Institutional Animal Care and Use Committee (IACUC) of
Memorial Sloan-Kettering Cancer Center. Male CD-1 mice (24–30 g; Charles River
Laboratories) were used in all studies. Animals were maintained on a 12h light/dark cycle and
had free access to food and water. N-nitro-L-Arginine (NOArg) and L-arginine were purchased
from Sigma (St. Louis, MO). Oligodeoxynucleotides were purchased from Midland Reagent
Co. (Midland, TX). All antisense sequences were based upon the mouse nNOS sequence (from
GenBank accession #D14552). Mismatch oligodeoxynucleotides were designed by switching
the sequence of two sets of adjacent bases, keeping the remaining sequences and the overall
base composition the same. All oligodeoxynucleotides were purified before use and dissolved
in saline before injection (2 μl), as previously described (Kolesnikov, Y. A. et al. 1997).
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Intracerebroventricular (i.c.v.) and intrathecal (i.t.) injections were performed under light
halothane anesthesia, as previously reported (Kolesnikov, Y. A. et al. 1997).

The formalin assays was performed as previously described (Kolesnikov, Y. et al. 2004). In
brief, mice were individually acclimated to the observation chamber for 40 min before injecting
formalin (5% in 10 μl) subcutaneously into the left hind paw using a Hamilton microsyringe
with a 30G needle. The amount of time (sec) the animal spent licking, lifting and/or favoring
the injected paw was recorded in 5 min bins for 30 minutes after the formalin injection. The
first phase corresponded to the first five minutes after the injection of formalin and the second
phase corresponded to the interval between 15 and 30 minutes after the formalin.

Analgesic tolerance to systemic morphine was studied using a daily injection paradigm, as
previously described (Kolesnikov, Y. et al. 1998; Kolesnikov, Y. A. et al. 1992; Kolesnikov,
Y. A. et al. 1993). A fixed morphine dose (5 mg/kg, s.c.) was given daily and analgesia was
assessed using the tail-flick assay (D’Amour, F. E. & Smith, D. L. 1941; Kolesnikov, Y. et al.
1998; Kolesnikov, Y. A. et al. 1992; Kolesnikov, Y. A. et al. 1993). In the tail flick assay,
baseline latencies ranged from 2.5 to 3 seconds and analgesia was assessed quantally as a
doubling or greater of the baseline for that individual mouse. A maximal cutoff latency of 10
sec was used to minimize tissue damage.

All graded response data are expressed as the mean ± S.E.M. Statistical analysis was
determined using either ANOVA or Student’s t test, depending upon the comparison. Quantal
data were compared using the Fisher exact test.
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Figure 1. Schematic of nNOS splicing
Some of the splice variants of the nNOS gene are represented, along with the locations of the
antisense oligodeoxynucleotides used in the reported studies.
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Figure 2. Effect of NOArg and L-arginine on formalin-induced pain
A) A group of mice (n=10) received formalin (5%–10 μl) and the amount of time the mouse
spent licking, lifting and/or favoring the injected paw was recorded in 5 min bins for 30 min
(see Methods). B) Groups of mice (n=20) received NOArg (6 μg) spinally (i.t), supraspinally
(i.c.v.) or locally 15 min before formalin (5%–10 μl) administration. Nociceptive behavior was
recorded 0–5 min (first phase) and 15–30 min (second phase) after the formalin. C) Groups of
mice (n=10) received L-arginine at the indicated doses locally 5 min before formalin (5%–
10μl). Nociceptive behavior was recorded 0–5 min (first phase) and 15–30 min (second phase)
after the formalin.
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Figure 3. Effect of supraspinal antisense treatment on formalin-induced pain
Groups of mice received the stated antisense (10 μg, i.c.v.) on days 1, 2 and 5 (n=18) and then
were examined in the formalin test (5%–10μl) for pain behavior on day 6. Other groups were
given either saline (n=12, 2 μl) or mismatch C against exon 18 (10 μg, n=12) on days 1, 3 and
5 and were tested in the formalin test on day 6. A) Nociceptive behavior was score as the
amount of the time spent licking, lifting and favoring of the injected paw (mean ± S.E.M) in
5 min bins for up to 30 min following the formalin administration. B,C) Nociceptive behavior
was recorded 0–5 min (first phase) and 15–30 min (second phase) after the formalin. Antisense
C significantly lowered both phases of the formalin response by 51% (p<0.001) and 45%
(p<0.001), respectively.
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Figure 4. Effect of spinal antisense treatment on formalin-induced pain
Mice were given the antisense on the days 1, 3 and 5 (10 μg, n=16) and were examined in the
formalin (5%–10 μl) test for pain behavior on day 6. Nociceptive behavior was scored as has
described earlier. Antisense targeting exon 2 (A) and 9 (B) as well nNOSβ (F) significantly
lowered the second phase of formalin response by 27%, 33% and 55%, respectively, without
affecting the first phase. The mismatch B probe was inactive in this model.
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Figure 5. Effect of local antisense treatment on formalin-induced pain
Mice were given antisense (10 μg) s.c. on the days 1 and 2 in the left paw and were examined
in formalin test for pain behavior on the day 3. Antisense that selectively targets exon-9 (B)
and exon 2 (A) of nNOS-1 significantly lowered by 30% and 20% the second phase of formalin
response, respectively. Antisense that selectively targets nNOS-2 (D) had no effect on the
second phase of formalin response.
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Figure 6. Effect of spinal antisense on morphine tolerance
Groups of mice (n=10) received either antisense B (10 μg, i.t.) or mismatch (10 μg, i.t.) at 10:
00 a.m. on days 1, 3 and 5 in conjunction with daily (4:00 p.m.) systemic morphine (5 mg/kg,
s.c.) for 6 days. The control group received spinal saline alone. Analgesia was determined on
days 1 and 6 in the A) radiant heat tailflick assay and B) in the formalin test 30 min following
morphine administration. By day 6, the morphine response in the control and mismatch groups
was lost compared to the response on day 1 in the tailflick assay (p < 0.05). In the formalin
study (B), the morphine response in both phase I (p < 0.02) and phase II (p < 0.001) were
significantly different from saline in the acute study. Following chronic administration of
morphine, the morphine response in both phase I (p < 0.02) and phase II (p<0.0001) were
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statistically different from the morphine response in naïve animals. Following chronic
morphine, there was no statistical difference between the phase I results in these chronic
morphine groups. The phase II response seen with morphine in the naïve animals was lost in
the saline and mismatch groups while it was maintained in the antisense group (p < 0.0001).
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Table 1
Effects of nNOS inhibitors on formalin - induced pain in mouse

Nociceptive score (sec) P value

Treatment / Route I Phase II Phase I II

Systemic

 Saline 154 ±18 221 ± 11

 NOArg 131 ±14 289 ± 41 NS NS

Local

 Saline 153 ± 15 204 ± 26

 NOArg 118 ±16 189 ± 13 NS NS

Spinal

 Saline 169 ±15 242 ± 17

 NOArg 181 ±17 92 ± 20 NS <0.001

Supraspinal

 Saline 149 ±17 182 ± 24

 NOArg 82 ± 8 26 ± 13 <0.002 <0.0001

Groups of mice (n ≥10) received NOArg (6 μg), spinally, supraspinally (i.c.v) or locally 15 min before formalin administration. In this paradigm, NOArg
significantly reduced phase I and II L/L/F behavior and phase II L/L/F after i.c.v. and i.t administration, respectively (Table 1). NOArg given systemically
(4 mg/kg s.c. n=10, 15 min before formalin) or locally in hind paw (6 μg, n=10; 15 min before formalin) was ineffective.
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